INTRODUCTION {#sec1-1}
============

As the leading cause of cancer deaths worldwide,\[[@ref1]\] lung cancer imposes a major therapeutic burden. Lung cancer can be divided into two main histopathological subtypes: non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). Murine models of NSCLC and SCLC indicate that tumor phenotype is dictated by genetic alterations and the cell type in which these mutations occur.\[[@ref2][@ref3]\]

The cellular origin(s) of lung cancer remain largely unknown. It has been speculated that different tumor histopathological subtypes arise from distinct cells of origin localized in defined microenvironments. Primarily owing to their proximal-to-distal distribution pattern, squamous cell carcinoma (SCC) is generally thought to arise from the proximal airway and adenocarcinoma from more distal locations.\[[@ref4]\] SCLC may arise from neuroendocrine cells. It is therefore speculated that different tumor subclasses arise from cells of origin located within a defined compartmental microenvironment.

Tissue stem cells are attractive candidates for the cell(s) of origin of tumors, as their long *in vivo* life span would allow them to accumulate genetic mutations driving tumorigenesis.\[[@ref5]\] The possibility also exists that differentiated cells and committed progenitors serve as the primary targets, though this may depend on their turnover rates as well as the acquisition of specific and/or combinations of genetic modifications that confer self-renewal capacity.\[[@ref6]\]

Most of our understanding regarding the existence of stem/progenitor cells originates from mouse model studies. The adult mouse lung has been described as three structurally distinct compartments: the first being composed of trachea and extrapulmonary bronchi, the second intrapulmonary bronchi, bronchioles, and terminal bronchioles, and the third alveoli.\[[@ref7]\] The mouse tracheal epithelium contains ciliated epithelial lining cells, goblet cells, an abundance of basal cells, and Clara cells. Though solitary neuroendocrine cells are present, they are far rarer than in distal airways. In the trachea, Keratin (KRT) 5-positive basal cells have been shown to have the ability to self-renew and give rise to Clara cells.\[[@ref8]\] In the more distal airways, the much more abundant Clara cells lining the bronchioles have demonstrated the ability to generate ciliated cells and self-renew in response to epithelial injury as well as homeostatic conditions.\[[@ref9]\] The most distal compartment of the lung, comprised of alveolar ducts or gas-exchanging airspaces, is composed of alveolar type I and alveolar type II cells, the latter of which are considered to be the major stem/progenitor cell of the alveolar epithelium based on their ability to both give rise to alveolar type I cells and to self-renew.\[[@ref10][@ref11]\] The transition between the alveoli and terminal bronchioles is known as the bronchioalveolar duct junction (BADJ), where "variant" Clara cells with stem-like properties exist near neuroepithelial cells.\[[@ref12]\]

Analysis of the underlying genetic alterations of lung cancer has revealed an association between the observed genetic lesions and the histopathology of the disease.\[[@ref13]\] Although distinct lesions clearly are associated with specific tumor cell types, it remains unclear to what extent the cell of origin determines tumor phenotype.

METHODS {#sec1-2}
=======

We performed a systematic computerized search of the MEDLINE (PubMed) database (last search: August 1, 2012) to identify all published articles from January 1, 2001 to July 31, 2012 dealing with the identification of the cell of origin of lung cancer using the algorithm: (lung OR lung cancer OR lung carcinoma OR nonsmall cell OR non small cell OR NSCLC OR small cell OR SCLC OR lung neoplasms) AND (stem cell OR progenitor cell OR cell of origin OR cancer-initiating cell). We hand searched journals known to publish data relevant to our search. The reference lists of all articles we recovered and those of relevant review articles were also cross-referenced. We considered only peer-reviewed published articles with data pertaining to the cell of origin of lung cancer in both NSCLC and SCLC. Abstracts and meeting proceedings were excluded and no language restriction was imposed. There was no exclusion based on completeness of field term identifiers per study. The final list of articles eligible for review was analyzed to identify articles in which there might be overlap in the data presented.

CELL OF ORIGIN OF NON-SMALL CELL LUNG CANCER {#sec1-3}
============================================

Adenocarcinoma {#sec2-1}
--------------

As discussed by others, putative cancer-initiating cells are likely to exhibit properties inherent to normal tissue stem cells.\[[@ref14][@ref15]\] Increasing data over recent years have demonstrated tumorigenic cells with stem cell characteristics in lung tumors. Further examination of mutant *K-Ras*-induced mouse lung adenocarcinomas revealed the presence of a rare population of double-positive cells (DPCs) shown to express the Clara cell marker Clara Cell Antigen 10 (CC10); also known as Clara cell secretory protein, uteroglobin, and Secretoglobin 1a1 (Scgb1a1) and the alveolar type II marker, Surfactant Protein C (SFTPC).\[[@ref2]\] Kim *et al*.\[[@ref16]\] demonstrated that these DPCs located at the BADJ were quiescent in normal lung homeostasis, but self-renew and give rise to bronchiolar and alveolar cells after naphthalene injury. These DPCs were further shown to express established stem cell surface markers of hematopoietic and skin stem cells, stem cell antigen-1 (Sca-1) and cluster of differentiation 34 (CD34) antigen, respectively.\[[@ref17][@ref18]\] Moreover, when plated in Matrigel, these DPCs gave rise to Clara, alveolar type II, and alveolar type I cells, suggesting that they exhibited progenitor cell-like features and lending support to their designation as bronchioalveolar stem cells (BASCs).\[[@ref16]\]

Although other groups have demonstrated using a variety of *in vitro* and *in vivo* approaches that these putative BASCs may not act as normal tissue stem cells,\[[@ref9][@ref19]\] Kim *et al*. demonstrated that these cells proliferate when a *K-Ras* mutant is induced.\[[@ref16]\] Early tumorigenic lesions in inducible *K-Ras* mutant mice showed elevated numbers of DPCs, and further, a continual expansion of these cell populations correlated with tumor progression in these mice. Moreover, combined naphthalene treatment with *K-Ras*^G12D^ activation resulted in an increase in the size and number of tumors. In addition, *in vivo* studies to date investigating the molecular mechanisms that regulate the maintenance and proliferation of BASCs by manipulating genes with established roles in lung development or carcinogenesis have shown increases in the abundance of DPCs with targeted loss of these genes.\[[@ref20]--[@ref23]\] Nevertheless, the tumorigenic capacity of these BASCs with respect to the remaining tumor population will need to be confirmed by tumor xenograft studies.

In order to assess whether putative BASCs are the only cell type capable of initiating *K-Ras* mutant adenocarcinoma in mice, our group utilized "knock-in" mouse models in which a codon 12 *K-Ras* mutant gene is induced specifically in either CC10-positive cells (Clara cells throughout the airway, putative BASCs at the BADJ, and about 10% of alveolar type II cells) or in SFTPC-positive cells (putative BASCs and all type II cells). When lineage tracing experiments were performed to track which cell types initiated the tumors in these models, we found that type II cells were clearly able to initiate adenocarcinoma in response to *K-Ras*^G12D^. In the bronchioles, both SFTPC-positive and SFTPC-negative Clara cells initiated hyperplasia that does not progress to adenocarcinoma. Thus, we concluded that type II cells are the cell of origin of *K-Ras*-induced adenocarcinomas \[[Figure 1](#F1){ref-type="fig"}\].\[[@ref24]\]

![\[[@ref24]\]: Model for response of various respiratory epithelial cells to *K-Ras*^G12D^ induction. Type II cells either express only Surfactant Protein C (SFTPC) (0red) or both Clara Cell Antigen (CC10) and SFTPC (purple) in the steady-state normal lung. When *K-Ras*^G12D^ is expressed in CC10-Cre-recombinase (CreER) mice (left), hyperplasia in the bronchioalveolar duct junction (BADJ) involves putative bronchioalveolar stem cells and Clara cells. When *K-Ras*^G12D^ is expressed in SFTPC-CreER mice (right), the BADJ is normal or contains rare small hyperplastic areas, and tumors arise only in the alveoli](JC-12-6-g001){#F1}

SQUAMOUS CELL LUNG CANCER {#sec1-4}
=========================

Tracheal basal cell progenitors have been speculated to be the target cells of origin in mouse lung SCC, as the gene expression and histopathology patterns of these lesions frequently resemble these cells. Tracheal basal cells express the transcription factor p63, located at intercartilaginous boundaries or mucosal gland duct junctions, and are KRT 5/14 positive.\[[@ref25]--[@ref27]\] Rock *et al*.\[[@ref8]\] generated a tamoxifen-inducible *Cre*-recombinase (*CreER*^T2^) transgenic mouse under the control of the human KRT5 gene promoter (*KRT5-CreER*^T2^) that demonstrated lacZ^+^ basal, Clara, and ciliated cells in the trachea of *KRT5-CreER*^T2^; *Rosa26R-lacZ* adult mice at defined time-points following tamoxifen administration in steady-state conditions and in response to epithelial injury. These findings lend evidence to the fact that KRT5^+^ basal cells have the ability to generate luminal cells in the trachea and self-renew. Further studies with mouse models whereby genetic modifications associated with SCC are restricted to basal progenitor cells will need to be conducted in order to establish a clear relationship between basal progenitors and lung SCC.

In addition, amplification of chromosome segment 3q26.33 is found in human lung and esophageal SCCs.\[[@ref28]\] Interestingly, the high mobility group transcription factor Sox2, which is essential for the maintenance of both stem cells in multiple adult tissues and pluripotent embryonic stem cells and specifically plays a role in the differentiation and proliferation of basal progenitor cells, resides within 3q26.33 and has been shown to be the relevant gene for amplification.\[[@ref28]--[@ref30]\] We developed a conditional allele of the Rosa26 locus whereby Sox2 is overexpressed either during lung development using a SFTPC-*Cre* transgene, or in Clara epithelial cells and a proportion of type II cells in the adult lung using a *CC10-CreER* "knock-in" allele.\[[@ref30]\] In both cases, overexpression led to extensive bronchial hyperplasia. In the terminal bronchioles, a trachea-like pseudostratified epithelium developed with p63-positive cells underlying columnar cells. Over 12-34 weeks, about half of the mice expressing the highest levels of Sox2 developed carcinoma resembling adenocarcinoma but expressing the squamous marker, Trp63 (p63).\[[@ref30]\] Whether Clara and type II cells can initiate full-blown squamous cell lung cancer in response to other oncogenic stimuli remains to be elucidated.

CELL OF ORIGIN OF SMALL-CELL LUNG CANCER {#sec1-5}
========================================

Though much progress has been made in identifying specific cell populations that give rise to NSCLC upon genetic alteration, it is unclear whether the same cell of origin is responsible for tumorigenesis in SCLC. This is largely due to the advanced stage of disease in most patients at the time of diagnosis.\[[@ref30]\] However, it has been observed that at least a proportion of SCLCs display features of NSCLC, possibly arguing for a "common" cell of origin of lung cancer for those displaying mixed phenotypes, but it remains unclear whether the same cell of origin is responsible for initiating both of these types of cancers.\[[@ref31]\] Otherwise, SCLCs have typically been shown to express a range of neuroendocrine markers and transcription factors that play important roles in neuroendocrine differentiation, prompting the hypothesis that a rare population of neuroendocrine cells may be the progenitors of SCLC.\[[@ref3][@ref32]\] Conversely, though microenvironments in the mouse lung found in close proximity to neuroepithelial bodies (NEBs) have been shown to maintain stem cell populations, pulmonary neuroendocrine cells associated with these NEBs exhibit properties of unipotent progenitor cells rather than stem cells. Nevertheless, the observation that SCLC can exhibit adenocarcinoma, epidermoid carcinoma, and/or large cell carcinoma-like features would argue for the existence of a "common" cell of origin for these lung cancers.\[[@ref33]\]

CANCER STEM CELLS {#sec1-6}
=================

Recently, Eramo *et al*. (2008) demonstrated that both SCLC and NSCLC tumors contain a rare population of undifferentiated cells that express a well-characterized marker of cancer stem cells, CD133.\[[@ref34]\] In this study, injury to mouse lung epithelium was achieved through naphthalene administration. Following injury, a six-fold increase in CD133 cells was observed, leading the authors to speculate that progenitor cells, in this case, variant Clara cells, involved in regenerating the epithelial lining following injury are marked by CD133 cells. Moreover, this study demonstrated that when injected subcutaneously into immunocompromised mice, only CD133 positive lung cancer cells were able to form xenografts phenotypically identical to the original tumor. However, in normal lung tissue, it remains unclear which cell type expresses CD133, and immunohistochemical analysis has yet to demonstrate CD133.

The hallmark of cancer stem cells has long been claimed to be chemoresistance.\[[@ref35]\] Interestingly, CD133 positive lung cancer cells exhibit chemoresistance *in vitro* to traditional therapeutic agents.\[[@ref36]\] An independent study demonstrated an increase in the fraction of CD133 positive lung cancer cells present after treatment of mice carrying human lung cancer xenografts with cisplatin.\[[@ref37]\] Despite these studies, it remains unclear whether a CD133 positive cell population is involved in chemoresistance in lung cancer. However, given that current therapies available in the treatment of lung cancer are not effectively able to completely eradicate the disease, clarifying the importance of CD133 and other cancer stem cell markers will be important.

FUTURE STRATEGIES/CONCLUSIONS {#sec1-7}
=============================

Although we have made progress regarding the cell of origin of lung cancer in the mouse, many questions remain to be answered. First, mouse correlates of human lung cancer subtypes must be refined and studied. Because unique combinations of oncogenic stimuli and cell of origin are likely, these must be identified. Second, the human lung is much more complex than the mouse lung. Methods for isolation and culture of human lung cells followed by lentiviral transduction of oncogenes are necessary to validate mouse experiments. Finally, human lung tumors of all subtypes must be studied for unique tumorigenic subpopulations in order to identify further surface markers. Cancer-initiating cells may then be studied for therapeutic vulnerabilities.
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